We have reported the existence of a distinct neutrophil phenotype in giant cell arteritis (GCA) patients arising at week 24 of steroid treatment. In the present study, we investigated whether longitudinal analysis of neutrophil phenotype in patients with polymyalgia rheumatica (PMR) could reveal a novel association with disease status and immune cell cross-talk. Thus, we monitored PMR patient neutrophil phenotype and plasma microvesicle (MV) profiles in blood aliquots collected pre-steroid, and then at weeks 1, 4, 12 and 24 post-steroid treatment. Using flow cytometric and flow chamber analyses, we identified 12-week post-steroid as a pivotal time-point for a marked degree of neutrophil activation, correlating with disease activity. Analyses of plasma MVs indicated elevated AnxA1+ neutrophil-derived vesicles which, in vitro, modulated T-cell reactivity, suggesting distinct neutrophil phenotypic and cross-talk changes at 24 weeks, but not at 12-week post-steroid. Together, these data indicate a clear distinction from GCA patient neutrophil and MV signatures, and provide an opportunity for further investigations on how to 'stratify' PMR patients and monitor their clinical responses through novel use of blood biomarkers.
Introduction
Polymyalgia rheumatica (PMR) is a disease that manifests in patients over 50 years of age, typically within an age range between 70 and 80, with a 2-3-fold higher incidence in women. The disease is difficult to diagnose as there is no validated diagnostic test [1] . PMR is considered to represent a chronic systemic inflammatory pathology, characterised by new onset bilateral shoulder and hip girdle pain (not better explained by an alternative condition) and stiffness with raised inflammatory markers (2012 EULAR ACR Criteria). These symptoms are typically associated with a significant rise in erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP), often accompanied by anaemia, hypo-albuminaemia and a raised alkaline phosphatase level [2, 3] . However, the pathogenesis of PMR remains poorly understood [2, 3] . Analysis of biopsy materials from the shoulder of PMR patients confirms signs of inflammation with infiltration by macrophages and CD4 + T lymphocytes [4] , indicating the existence of an underlying immune component to the disease.
We have recently reported an unexpected involvement of neutrophils in the pathogenesis of giant cell arteritis (GCA) [5] . Longitudinal analyses of blood samples of GCA patients undergoing a steroid regimen tapered over a 24-week period, revealed the existence of two distinct neutrophil phenotypes: at 1-week post-initiation of corticosteroid therapy (high-dose steroid phase), neutrophils were
AnxA1
hi CD62L lo CD11b lo with minimal activation and an inherent ability to suppress T-cell responses. However, by week 24 (low-dose steroid phase), neutrophil phenotype and activation was altered, displaying an AnxA1 hi CD62L hi CD11b hi phenotype; these neutrophils were now unable to suppress T-cell responses. These experimental observations suggest that the GCA disease process is incompletely controlled by glucocorticoid therapy, with increased risk of an unchecked T-cell response leading to disease relapse and an enhanced risk of vascular complications following drug tapering.
In parallel studies, we have shown that neutrophil-derived microvesicles (MVs) can be heterogenous in their proteinaceous content, and while expression of AnxA1 can explain some of their anti-inflammatory actions [6] , a specific subset abundant in α-2-macroglobulin (A2MG) can evoke pro-inflammatory responses [7] . Intriguingly, A2MG is also a constituent of platelet-derived MVs in venous thrombosis [8] , opening new possibilities for A2MG + vesicles to inform and/or affect vascular inflammatory responses.
In the present study, we queried whether longitudinal analysis of neutrophil phenotype in patients with PMR could reveal novel associations with disease status. Of interest, though two distinct neutrophil sub-populations could be identified, the temporal-relationship in PMR is different from GCA. In PMR patients, 12-week post-steroid seems the pivotal time-point for a maximal degree of neutrophil activation, coupled with a novel mode of immune cell cross-talk based on MV modulation of T-cell reactivity.
Materials and methods

Patients
The present study was conducted in accordance with the Declaration of Helsinki 1975/83. Patients gave informed consent and samples were collected from Southend University Hospital approved by the East London & The City Local Research Ethics Committee (Rec Ref. 05/Q0603/34 ELCHA, London, U.K.). Briefly, blood was collected between 9 and 10 am from PMR patients prior to steroid commencement and then again at weeks 1, 4, 12 and 24-post-glucocorticoid commencement. Each patient was followed at the time-points indicated. Age-matched healthy volunteers also gave informed consent, approved by the Queen Mary Ethics of Research Committee (QMERC2014.61). Age-matched controls consisted of nine OA patients not on any steroid treatment.
Whole blood flow cytometry detection of surface proteins on neutrophils
Briefly, whole blood aliquots (50 μl) were subjected to a three-step staining protocol, starting with an incubation for 1 h at 4
• C with mouse anti-human AnxA1 (monoclonal 1B, produced in-house [9] ) or anti-human FPR2/ALX (Genovac, Germany); both at a final concentration of 20 μg/ml plus IgG1k isotype control. Blood was then washed twice in PBS containing 10 mM CaCl 2 and 1.5% BSA, followed by 30-min incubation at 4
• C with a rabbit anti-mouse IgG FITC-conjugated secondary Ab (AbD Serotec, Oxford, U.K.). Following another wash, conjugated antibodies to CD16 (PE, clone eBioCB16; eBioscience, U.K.) and L-selectin (PE-Cy7, clone DREG-56; BioLegend, U.K.) or, in some samples, CD11b (APC, clone ICRF44; BioLegend, U.K.) were added for 30 min. Following two washes, blood was lysed using a whole blood lysis kit (as per manufacturer's protocol, Beckman Coulter, High Wycombe, U.K.).
In all samples, 20,000 events were acquired by using a FACSCalibur flow cytometer (Becton Dickinson), and analysed using FlowJo analysis software (Version 9.4.1.1, Treestar Inc, Stanford, CA). For whole blood analyses, neutrophils were identified by first gating on the granulocyte population on the forward/side scatter, then further gated on the CD16 positive population within the granulocyte gate
Flow chamber assay
Use of human umbilical vein endothelial cells (HUVEC) was approved by the East London & The City Local Research Ethics Committee (REC Ref 06/Q0605/40 ELCHA, London, U.K.). HUVEC were cultured onto 6-channel μ-slides (IBIDI, Germany) coated with gelatin until confluence and stimulated with 10 ng/ml tumour necrosis factor-α for 4 (Sigma-Aldrich) [10] . Patient neutrophils were isolated via density gradient as previously described [10] . Isolated cells were incubated with vehicle or 10 nM human recombinant AnxA1 for 10 min at 37
• C, before flow over HUVEC monolayers at a shear stress of 1 dyne/cm 2 , for 8 min, as previously described [10] . Neutrophil/HUVEC interaction in the flow chamber was monitored on six random fields recorded for ten seconds. Analysis of total cell capture, rolling and firmly adherent neutrophils was carried out off-line by manual quantification using Image-Pro Plus software (Media Cybernetics, Inc. Bethesda, MD U.S.A.). 
Determination on plasma MV subsets
All antibodies for vesicle analyses were obtained from BioLegend, unless otherwise stated. For the purpose of the present study MVs were defined as particles between 0.1 and 1 μm in diameter, positive for Annexin V (Pacific blue). MVs were characterised in platelet free plasma (PFP) obtained by differential centrifugation (13000×g for 2 min) and 5 μl was used for each test. Sample was diluted in a similar volume and antibodies were made up to 10 μl using 10× annexin V binding buffer (BD Pharmingen, U.S.A.). Fluorochrome conjugated antibodies against CD66b (PE, clone G10F5); CD31 (PE, clone WM59) were used to further characterise the vesicles according to the cell of origin. In addition, A2MG antibody (Biomac, Germany; FITC, 1 μg/ml) was used to identify pro-inflammatory vesicles [7] , while anti-AnxA1 staining was used for vasculo-protective vesicles [11] . For this purpose, unconjugated anti-annexin-A1 antibody (Monoclonal 1B, in-house, 0.375 μg/ml) and a secondary antibody (Serotec, U.S.A. -0.375 μg/ml -FITC conjugated) were used. Samples were acquired for 30 s using flow-cytometry (BD LSR-Fortessa) high acquisition option (60 μl/min) with application of mathematical compensation. The MV concentration was calculated using the following formula:
Count μL of PFP = positive events × dilution factor (40) number of microliters acquired (30μl)
Statistical analyses
Data were analysed by one-or two-way ANOVA, repeated measures for longitudinal analyses, followed by Bonferroni's post hoc test using GraphPad Prism 5. Alternatively, some experiments were analysed using Pearson's Correlation Coefficient. Data are presented as mean + − S.E.M., and values of P<0.05 were considered statistically significant.
Results
An activated neutrophil phenotype emerges at 12-week post-steroid in PMR patients
Longitudinal investigations of PMR patient samples prior to steroid commencement (Pre) and then at 1, 4, 12 and 24 weeks after initiation (see Tables 1 and 2 for patient demographics and individual steroid dose by week, respectively) were conducted. Analyses of CRP revealed an initial significant increase at week 12 compared with week 1 (11.6 vs. 7.6 mg/l; P<0.05), before the CRP values fell below 5mg/l at week 24. The increase in CRP at week 12 coincided with a 2-fold increase in the number of circulating neutrophils: from 2.3 × 10 6 /ml at week 1 to 5.1 × 10 6 /ml at week 12 (P<0.001), with the latter higher than pre-steroid circulating neutrophil numbers (3.7 × 10 6 /ml), before returning to week 1 levels by 24 weeks post-steroid. Next we assessed the activation status of neutrophils from these patients.
Flow cytometric analyses ( Figure 1A ) revealed a near 3-fold increase in AnxA1 expression on week 12 neutrophils compared with neutrophils from the same patient prior to steroid commencement and at weeks 1, 4 and 24-week post-steroid, but no significant difference in the expression of the AnxA1 receptor, FPR2/ALX ( Figure 1B ). This alteration in week 12 AnxA1 expression coincided with a significant (∼50%) reduction in CD62L expression ( Figure  1C ). A tendency to higher CD11b expression was evident, albeit not statistically significant ( Figure 1D ), though an increase in the sample population may yield statistically different changes with respect to AnxA1, ALX/FPR2 and CD11b. Taken together, these data suggest that at a time when steroid doses are significantly lowered (from 15 mg/day at week 1-7.5 mg/day at week 12; see Table 1 ), there is an apparent underlying re-emergence of disease, as highlighted by increased CRP levels and an enhanced activation status of circulating neutrophils.
Neutrophil AnxA1 level at week 12 does not correlate with reactivity
We have shown that high levels of AnxA1 on the neutrophil cell surface confer an anti-inflammatory low-reactive phenotype [5, 12] . Given our observation that neutrophils from PMR patients after 12-week steroid therapy express high levels of AnxA1, coupled with an activated phenotype, we wanted to test whether this phenotype correlated with their reactivity. To this end, we utilised the flow chamber model [5] to test the reactivity of neutrophils harvested from PMR patients at 1-, 12-and 24-week post-steroid. Although there was no overall difference in the total number of neutrophils recruited to the inflamed endothelial monolayer (Figure 2A , top panel), deeper analyses revealed a approxiamtely 2-fold augmentation in the number of firmly adhered cells when collected from patients 12-week post-steroid, significantly different from values quantified with cells from age-matched controls or isolated from patients 24-week post-steroid ( Figure 2B , middle panel). This enhanced degree of neutrophil adhesion correlated with a decrease in the number of rolling cells from patients 12-week post-steroid ( Figure 2C , bottom panel). Taken together, these data suggest that, in addition to altered immune-phenotype, at 12-week post-steroid neutrophils from PMR patients are highly reactive and adhesive.
Quantification of plasma cytokine pre-and post-initiation of steroid therapy
We next determined the profile of soluble mediators in the plasma of PMR patients focusing on a selection of cytokines putatively associated with vasculitides. While we observed no significant difference in IL-6, IL-8 and CXCL5 ( Figure 3A-C) , we did quantify significant changes in IL-17A levels ( Figure 3D ). IL-17A levels were elevated in samples collected pre-steroid and 1-week post-steroid, while there was a significant attenuation in this cytokine after 4-week steroid therapy (∼5-fold reduction; P<0.01). However, in line with other observations noted above, there was a significant increase in IL-17A at 12-week post-steroid (160 vs. 40 pg/ml at week 4), which fell back to lower values 24-week post-steroid samples (59 pg/ml). Again, these plasma data suggest a surge of disease activation in PMR patients at 12-week post-steroid. Figure 4A ), while numbers returned to week 1 levels by week 24. Despite the detection of low levels of AnxA1 on circulating neutrophils at the 24-week time-point ( Figure 4B ), there was a significant increase in the number AnxA1 + CD66b + MVs at this time-point (P<0.05 compared with pre-steroid and 1-week post, Figure 4C ). In contrast to neutrophil-derived MVs, there was a 2-fold increase in the number of endothelial-derived (AnxV + CD31 + ) MVs 12-week post-steroid compared with the values measured at week 1. These numbers were similar to those quantified in the same patients pre-steroid. Finally, we observed a significant augmentation in the number of total AnxV + A2MG + MVs in PMR plasma 24-week post-steroid ( Figure 4D ). Next, we explored whether there was any correlation between CRP levels and distinct MV populations. While we did not observe any significant correlation between CRP and total plasma MV number at weeks 12 and 24 ( Figure  5A,B) , deeper analyses revealed a significant correlation between CRP levels and PMN-specific (CD66b + ) MVs at week 24, but not at week 12 ( Figure 5C,D) . Furthermore, a significant negative correlation between week 24 CRP levels and the number of AnxA1 + CD66b + plasma MVs emerged ( Figure 5E ,F). These correlations between CRP and MV populations at 24-week post-steroid were confined to the neutrophil subset ( Figure 5G-J) . We think that the lack of correlation at week 12 could be due to factors other than MVs that are having effects on the inflammatory status seen at this time point: for example, IL-17A, which is significantly up-regulated at 12-week post-steroid ( Figure 3D ). 
Distinct plasma MV profile in PMR patents
Plasma MVs from PMR patients play a role in neutrophil phenotype and T-cell interaction
We have recently shown that a distinct CD16 + CD62L lo suppressor neutrophil population interacts with T cells to evoke downstream anti-inflammatory T-cell responses in GCA patients [5] and in pregnancy [13] . In these analyses, we could detect a significant reduction in the proportion of suppressor neutrophils (CD16 + CD62L lo ) 12-week post-steroid compared with 24 weeks (Figure 6A ), suggesting that despite a significant increase in CD62L expression on week 12 neutrophils at the single cell level (MFI; Figure 1B ), at this time-point there was still an overall loss in the proportion of suppressor neutrophils in PMR patients.
Given that we identified a unique MV profile in PMR patient plasma 12-week post-steroids, we determined whether these vesicles might affect neutrophil phenotype as well as their capacity to suppress T-cell proliferation. To this end, we collected neutrophils from healthy donors and treated them for 30 min with plasma from PMR patients 12-or 24-week post-steroid that was either microvesicle-sufficient (MVS) or microvesicle-deficient (MVD). A significant reduction in the proportion of CD16 + CD62L lo suppressor sub-population of neutrophils was quantified when cells were treated with week 12 MVS plasma, compared with neutrophils treated with the same samples but deficient in MVs. This outcome was not observed when neutrophils were treated with week 24 MVS or MVD plasma ( Figure  6B ) and compared with healthy autologous plasma (the latter indicating the non-activated neutrophil phenotype in steady-state conditions).
These results correlated with the ability of these 'instructed' neutrophils to suppress T-cell proliferation: neutrophils treated with week 12 MVS were unable to suppress autologous T-cell proliferation (measured by CFSE dilution; Figure  6C 
MVS)
. However, if neutrophils were treated with week 12 MVD plasma, their inability to suppress T-cell proliferation observed with week 12 MVS, was rectified, leading to 3-fold suppression in T-cell proliferation, similar to that observed with neutrophils treated with week 24 MVD (60% T-cell division with week 12 MVS vs. 15% with week 12 MVD). Of note, there was no significant difference in the ability of neutrophils to suppress T-cell proliferation regardless of treatment with week 24 MVS or MVD plasma.
Taken together, these data suggest that at 12-week post-steroid PMR plasma MVs may play a critical role in regulating the phenotype and reactivity of neutrophils, potentially impacting on downstream T cells.
Discussion
Although they represent distinct disease entities, the chronic inflammatory conditions PMR and GCA often overlap. Thus, PMR is reported in up to 60% of those in GCA at diagnosis, while approximately 20% of PMR patients eventually develop GCA [14] . However, the initial corticosteroid dose used differs between PMR and GCA. Classical PMR attracts a starting dose of approximately 15 mg prednisolone daily, while doses of 40-60 mg daily are typically commenced in GCA. Following our own work in GCA and the discovery of distinct neutrophil phenotypes with potential aetio-pathogenic and biomarker potential, we performed a similar investigation in patients suffering from PMR. The need for novel biomarkers in both conditions is evident and may be even more so in PMR given the absence of typical and robust clinical and histological readouts. With this rationale, our study followed a longitudinal analysis of neutrophil phenotypes in PMR over a 24-week course of corticosteroid treatment. Importantly, and in contrast to the study conducted in GCA [5] , in PMR we were able to analyse pre-steroid samples and to investigate plasma MV profiles. The differences in the starting doses of corticosteroids may in part be reflected in the contrasting data we have obtained in PMR and GCA. In GCA, we reported disease re-emergence at week 24 post-initiation of steroid therapy, which correlated with prednisolone tapering, clinical scores and an increase in the CD16 + CD62L hi activated neutrophil population [5] . In contrast, in PMR signs of disease relapse were observed after 12-week steroid therapy. This 'peak' in disease activity was characterised by an increase in CRP and coincided with the first analysis point at which a significant reduction in prednisolone dose had been achieved (a reduction by 50%). More specifically, we could quantify a reduction in the proportion of CD16 + CD62L lo suppressor neutrophils, yielding higher neutrophil reactivity. We also measured a significant augmentation in circulating neutrophil numbers, which correlated with an increase in plasma IL-17A levels. Congruently, IL-17A can mobilise neutrophils from the bone marrow into the circulation [15] , suggesting that in these settings, the increase in circulating neutrophils at week 12, could be, in part, due to higher circulating levels of this cytokine. Of interest, no major changes could be observed under the time-course investigated here with respect to IL-6, IL-8 and CXCL5. The former cytokine data are particularly interesting as it sets a major difference between PMR and GCA: in GCA IL-6 levels change dramatically with the disease course [16, 17] and anti-IL-6 therapy [18] .
To identify further changes in PMR patient plasma, we analysed the profile of circulating MVs. These microstructures, released from virtually any cell type, are characterised by an outer-lipid bilayer, usually displaying surface proteins derived from their parent cell and have a 0.1-1μm diameter. There is considerable interest in phenotyping these vesicles (for protein, DNA, RNA or micro-RNA contents) and also for their potential as therapeutic tools and/or robust disease biomarkers [19] . This is particularly true in cardiovascular settings where changes in leukocyte, platelet and endothelial MVs occurred in abundance, as recently reviewed [20] . Closer investigation of PMR plasma revealed a distinct MV profile: there was an augmentation in an anti-inflammatory MV profile 24 weeks following initiation of corticosteroids, specifically neutrophil MVs expressing AnxA1. However, we observed significant attenuation in the total number of neutrophil-derived MVs in PMR patients at 12-week post-steroid, correlating with elevated numbers of endothelial MVs -similar to levels quantified in pre-steroid samples. Given that neutrophil-derived MVs may exert anti-inflammatory effects [11, 21] and that increased endothelial MVs are associated with poor disease outcomes in ischemic pathologies affected by endothelial dysfunction [20, 22] , these data suggest the presence of on-going vascular inflammation in PMR and potentially the presence of sub-clinical ischemic events. Of note, endothelial dysfunction has been reported in the patients with PMR [23, 24] . Furthermore, adding to their clinical relevance, at week 24 post-steroid, we obtained a significant positive correlation between neutrophil-derived MVs and CRP while a significant negative correlation between AnxA1 + neutrophil-derived MVs and CRP was observed. Such correlations were restricted to neutrophil-derived MVs, as no significant correlations with A2MG + or CD31 + MVs occurred. These preliminary data, which require validation in a separate series, suggest neutrophil-derived and perhaps more specifically AnxA1+ anti-inflammatory neutrophil-derived MVs, might offer an additional more reliable measure of steroid responsiveness in PMR patients.
The notion that neutrophils can impact on the adaptive immune response is only now being realised. We and others have demonstrated that neutrophils can directly interact with T cells to either reduce their responses [5, 25] or have further impact on their tolerogenic capabilities [13] , both effects being promoted by a distinct neutrophil sub-population defined as the CD16 + CD62L lo one. In the final set of experiments, we aimed to link these phenomena with the distinct MV profile we quantified in PMR patients at 12 weeks of steroid therapy. Our data demonstrate that incubating healthy neutrophils in week 12 plasma from PMR patients significantly augmented the proportion of the neutrophil suppressor sub-population and subsequent suppression of T-cell proliferation, but only when the MV component was removed. Therefore, once the dose of glucocorticoid has been reduced to approximately 7.5 mg/day, it appears that specific subsets of MVs at week 12 can at least contribute to the vascular inflammatory status of PMR patients and feed-forward further inflammation by promoting T-cell proliferation. These findings could be, in part, due to an attenuation in anti-inflammatory neutrophil-derived MVs expressing AnxA1. Furthermore, we found no statistical difference in the induction of suppressor PMN between autologous plasma and MVS plasma from week 12 patients. Thus, if these inflammatory MVs are removed from week 12 plasma, then there are likely soluble factors (rather than vesicles) that promote the generation of suppressor PMN.
As such we reason that reduction in steroid dose exclusively based on clinical symptoms might not be ideal, at least in a cohort of patients that may be experiencing a significant degree of vascular inflammation, as evidenced by the markers we have identified herein. Interestingly, in week 24 samples, there was no significant difference in the ability of neutrophils to suppress T-cell proliferation regardless of treatment with MVS or MVD plasma, suggesting that by this time point, there may be a MV-independent mechanism by which neutrophils could interact with T cells.
Taken together, the results described in the present study, particularly those pertinent to neutrophil phenotype, IL-17A elevation and MV heterogeneity within the same patient during the steroid regimen, merit further investigation as potential new biomarkers of PMR disease activity and response to treatment. While a major limitation of the present study is the small sample size, these new data identify specific, and novel, readouts of vascular inflammation that may begin to distinguish the pathology of PMR from GCA. Larger longitudinal cohorts of samples are now required to substantiate and validate these proof-of-concept findings and subsequently develop innovative markers for the benefit of patients affected by PMR. If the differences between PMR and GCA detected herein and previously [5] are reproducible in the new series, they may ultimately direct novel therapeutic approaches, including targeting of IL-17A in PMR, while focusing an IL-6 inhibition in GCA. Novel biomarkers will also facilitate more accurate tailoring of steroid treatment and reduced side-effects. Further work should be aimed at validation, leading to development of the means to 'stratify' PMR and GCA patients and hence deliver targeted therapies appropriately. Subsequent monitoring of a panel of biochemical blood markers including those described here should improve patient outcomes.
